A vapor phase transport growth process has been developed to synthesize ZnO quantum dots ͑QDs͒ on Si substrates. The characteristics were investigated for as-prepared ZnO QDs without any additional treatment. The formation of ZnO QDs with 6 nm in height and 15 nm in diameter is confirmed by scanning electron microscope and atomic force microscopy. Room-temperature photoluminescence reveals that the as-prepared ZnO QDs exhibit a predominant ultraviolet emission at 3.32 eV while the low energy defect-related blue-green emission is significantly quenched. The band gap of ZnO QDs is determined to be 3.41 eV, which evidently indicates the quantum confinement effects.
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ZnO is a promising photonic material for use in the blue-UV region due to its direct band gap of 3.37 eV at room temperature with a large exciton binding energy of 60 meV, which are advantages for excitonic-related device applications.
1 The recent success of development of p-type ZnO makes these potentials more feasible. 2 In lowdimensional ZnO nanostructures, many significant exciton effects may be expected due to quantum confinement effects, and so the improvement in device performance can be predicted. 3 Among versatile ZnO nanostructures, quantum dots ͑QDs͒ are of great interest due to their fundamental importance as a three-dimensional confined system in bridging the gap between bulk matter and molecular species.
In the past two decades, ZnO QDs have been grown mainly using wet chemical methods. [4] [5] [6] [7] [8] The work on ZnO QDs grown on conventional solid substrates is quite scanty up to now. A study on ZnO QDs grown on solid substrates is important not only to understand the quantum confinement effects but also to create new forms of this material. Recently, a metalorganic chemical vapor deposition technique has been employed to produce ZnO QDs on SiO 2 /Si substrates. 9, 10 However, regardless of the preparation methods, the UV luminescence in as-prepared ZnO QDs is strongly quenched while the low energy defect-induced visible emission commonly dominates the photoluminescence ͑PL͒ spectrum unless additionally elaborated treatments ͑e.g., surface modification, [4] [5] [6] [7] or postdeposition annealing [8] [9] [10] ͒ are performed. In these regards, the realization of predominant UV luminescence in as-prepared ZnO QDs is strongly demanded in order to realize nanoscale multifunctional devices. Our motivation is to provide a feasible method to realize the predominant UV luminescence in asprepared ZnO QDs on solid substrates without any additional treatment. A vapor phase transport ͑VPT͒ deposition process, having been extremely successful in creating ZnO nanomaterials, such as nanowires and nanorods, 11 was proposed in this work to produce ZnO QDs on Si substrates. A strong and predominant UV luminescence has been realized in the asprepared ZnO QDs. Our fabrication of ZnO QDs was conducted in a horizontal tube furnace. The system is shown in Fig. 1 . Zinc acetate dihydrate was used as the basic source materials after being dried at 102°C for 2 h to remove the water of crystallization. Si ͑111͒ wafers were used as the substrates. The furnace temperature was set as at 500°C in the growth process. There was a flat-temperature zone ͑500°C͒ at the center location of the furnace, and the temperature gradient at the location between the center and the end of the furnace was approximately 300°C. The substrate was placed downstream of a 20% O 2 / Ar mixture gas flow in the 440-460°C zone prior to growth. The source materials, placed at the closed end of a slender one-end-sealed quartz tube, were drawn into the furnace when its temperature was ramped to 500°C and positioned at the center of the furnace. The furnace temperature ͑500°C͒ was typically kept 3 min under a constant O 2 / Ar flow of 10 sccm in atmospheric pressure, and then the source materials were drawn out from the furnace. The samples collected on the substrates were furnace cooled down to room temperature.
The morphologies of the products were investigated by a ͑AFM͒ in a contact mode. The chemical composition was analyzed by using an energy dispersive x-ray ͑EDX͒ spectroscopy attached to the SEM. X-ray diffraction ͑XRD͒ analysis was carried out on a Bede D1 system with Cu K␣ radiation ͑ = 0.1541 nm͒. Photoluminescence ͑PL͒ measurements were performed at room temperature by using a He-Cd laser ͑325 nm͒ as the excitation source. Absorption was measured with a Lambda 20 UV-visible spectrometer.
Figures 2͑a͒ and 2͑c͒ illustrate the SEM and AFM images, respectively. The images clearly identify the formation of ZnO QDs. The nanodot density is 2 ϫ 10 11 cm −2 and the average diameter is 15 nm. They are of a narrow size distribution, and essentially no obvious aggregation can be found. But, the nanodots are not spherical in shape. The average height given by the AFM image ͓Figs. 2͑d͒ and 2͑e͔͒ is about 6 nm. The EDX pattern of ZnO QDs is shown in Fig. 2͑b͒ . The chemical composition of the nanodots is Zn and O as expected ͑Si comes from substrate͒, and no other elements ͑e.g., C͒ are present. The atomic percents ͑at. %͒ of Zn and O in the matrix are 50.2% and 49.8%, respectively. Figure 3͑a͒ is the XRD profile of ZnO QDs. The diffraction peaks and interplane spacings are well matched to the standard diffraction pattern of wurtzite ZnO ͓Fig. 3͑b͔͒, demonstrating the formation of wurtzite ZnO nanocrystals. These results indicate that the obtained ZnO QDs are of acceptable quality with high chemical purity and stoichiometric composition.
Zinc acetate is prone to decomposition above its melting point of 235°C. In the growth process, zinc acetate was heated rapidly to 500°C, so the decomposition occurred intensively, resulting in a relatively oxygen-deficient condition in quartz tube
where s, v, and s * represent solid, vapor, and activated states, respectively. Zn vapor subsequently flows out of the tube and condenses on the substrate forming liquid droplets, which are ideal nuclei of crystals. This nucleation acts as a sink for migrating surface adatoms and consumes adsorbed species transported by surface diffusion, which responds to the formation of ZnO QDs in an O 2 / Ar ambient
where ᐉ and g represent liquid and gas, respectively. This is a typical vapor phase transport ͑VPT͒ growth process. In a conventional VPT process a mixture of ZnO and graphite powders was commonly used as the basic source materials and the process was performed typically above 1000°C. 3, 11 At this high temperature one can hardly use a Si wafer as a substrate, and it is necessary to use an Al 2 O 3 wafer, even though Si substrates have advantages in terms of easy transformation into electronic devices and low price. In this work we use zinc acetate as the basic source material and so the growth temperature can be lower than 500°C. At this low temperature one can conveniently use Si wafers as substrates to produce ZnO nanomaterials. Figure 4 shows the global room-temperature PL spectrum of the as-grown ZnO QDs. The UV emission ͑3.32 eV͒ is strong and predominant in the PL spectra, while the low energy blue-green band ͑around 2.57 eV͒, which is mainly attributed to surface defect levels associated with oxygen vacancies or zinc interstitials, 7,10 is significantly quenched. It is an exciting result. There are few reported so far in realizing prominent UV emission in as-prepared ZnO QDs. The accessional treatments such as surface modification and postdeposition annealing are commonly needed to obtain a prominent UV emission in ZnO QDs. [4] [5] [6] [7] [8] [9] [10] These demonstrate a low defect density and high optical quality for the ZnO QDs obtained here. In addition, it should be noted that the UV PL peak ͑3.32 eV͒ is located at a high energy with reference to the near-band-edge ͑NBE͒ emission near 3.26 eV commonly seen at room temperature in ZnO bulk crystals or thin films. 12 The 3.32 eV peak has never been observed in the room-temperature PL spectra of ZnO bulk crystals or thin films. Thus, the UV emission of ZnO QDs is ascribed to the quantum-confined band-edge emission due to the quantum size effects. 13 In Fig. 4 the optical adsorption spectrum of the as-grown ZnO QDs is also shown. These nanodots exhibit strong free exciton adsorption at room temperature with quantum size effects. Here, we use the derivative of the adsorption curve developed in Ref. 14 to determine the band gap of ZnO QDs. The value is determined to be 3.41 eV, which is significantly larger than that ͑3.37 eV͒ of bulk ZnO and shows the quantum confinement effects. The band gap ͑E͒ of ZnO QDs can also be theoretically calculated from the nanodot sizes based on the effective mass approximation. 15 The average height and average diameter of nanodots are 6 and 15 nm, respectively, as mentioned above. It should be noted that the dot diameter is always overestimated due to the distortion of AFM and SEM images, but fortunately the height is not affected by the distortion introduced and so it is precise. 16 Since the dimension of nanodots is much larger than the excitonic Bohr radius of 1.8 nm for ZnO, they will experience a weak confinement circumstance
where E g , E ex , and ប are the bulk band gap ͑3.37 eV͒, the bulk exciton binding energy ͑60 meV͒, and Planck's constant, respectively. Also, h and d are the nanodot height and diameter, respectively. The electron and hole effective masses are m e * = 0.24 m 0 and m h * = 0.45 m 0 , respectively, for ZnO. It is worth noting that the band gap ͑E͒ of ZnO QDs is mainly determined by the height of nanodots. The calculated band gap is 3.42 eV, which agrees well with the experimental data.
There is a ϳ90 meV blueshift of adsorption edge from the emission line, referred to as the Stokes shift. The Stokes shift, having the ability to quantify the degree of excitonic localization, is widely used as a negative indicator of sample quality. The Stokes shift of 90 meV is very low as compared with that reported ͑Ͼ300 meV͒ in ZnO QDs synthesized by the wet chemical method, 7 which suggests the high quality of ZnO QDs obtained by the VPT process provided here.
In summary, we have provided a VPT growth process to produce ZnO QDs with quantum confinement effects on Si substrates. The dimension of nanodots is 6 nm in height and 15 nm in diameter. ZnO QDs are of high chemical purity and stoichiometric composition with wurtzite structure. A strong and predominant UV emission can be achieved in asprepared ZnO QDs at room temperature, and no additional treatment is needed. The quantum confinement effects from ZnO QDs are well confirmed by the optical adsorption and PL spectra. 
